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CENTRAL PAX CENTER 

FEB 28 2011 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

APPL1CANT(S) : BOWEN, Philip J. et al 

SERIAL NO. : 10/502,080 

FILED : October 8, 2004 

FOR : SOLENOPSIN A. B AND ANALOGS AS NOVEL ANGIOGBNESIS 

INHIBITORS 

GROUP ART UNIT : 1612 

Examiner : Brian M. GuUcdgc 

Mail Stop Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

FURTHER DECLARATION OF DR. JACK L. ARBISER 

I, Jack L. Atbiser declare as follows: 



- 1. I am a co-inventor of the subject matter of the above-referenced patent 
application. • :' ; . , . ?. i : . . • • , . ,. i 



2. In 1983, I receiyedi B.S.^d^ 
Atlanta, Georgia. 



3. In 1 991, 1 received a Ph.D. degree in Genetics and a MD degree in Medicine 
ftom Harvard Medical School, Boston, Massachusetts. 

5. Prom 1994-1998, 1 participated in the Howard Hughes Postdoctoral 
Fellowship, Laboratory of Judah Folkman, M.D., Harvard Medical School. Boston 
Massachusetts. 



6. Since 1 99 1 > I have studied the mechanisms of how oncogenes and tumor 
suppressor genes regulate angiogenesis and tumorigenesis. This work has resulted in the 
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discovery of small molecule inhibitors of tumor growth, and a novel method of predicting tumor 
signaling based upon loss of tumor suppressor genes p53 and pl9ink4a. I have substantial 
scientific and medical expertise in cancer and clinical oncology. 

7. I am presently a Professor of Dermatology, Emory University School of 
Medicine, Atlanta^ Georgia. I have held this position since September, 2009- 

8. I am also presently an Attending Physician, Atlanta Veterans Administration 
Medical Center, Atlanta Georgia. I have held this position since 2001. 

9. In 2008, 1 was the Chief of Service of Dermatology and the Chief of 
Dermatology, Atlanta Veterans Administration Medical Center, Atlanta Georgia. 

• . ; ri 10,. In 20O7, 1 was the Director of Research, Department of Dermatology, Emory 
University School of Medicine, Atlanta, Georgia. : . 

>' .X - :vl I . From 2004 to 2009, 1 was an Associate Professor in the Department of . 
Dermatology, Emory University School of Medicine, Atlanta, Georgia. 

12. From 1 998 to 2004, 1 was an Assistant Professor in the Department of 
Dermatology, Emory University School of Medicine, Atlanta, Georgia. 

13. In 1998, 1 was an Attending Physician, Emory University School of Medicine, 
Atlanta, Georgia 

14. From 1995 to 1 998, 1 was an Instructor in the Department of Dermatology, 
Harvard Medical School, Boston, Massachusetts. 

15. From. 1992 to 1994, 1 v^as a Resident in Dermatology, Massachusetts General 
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HospitaJ> Boston, Massachusetts. 

16. From 1991 to 1992, 1 was at) Intern in Internal Medicine, Beth Israel Hospital, 
Boston, Massachusetts. 

17. From 1985 to 1991 , 1 was in the Medical Scientist Training Prograro, 
Department of Genetics, Harvard Medical School, Boston^ Massachusetts. 

18. In 1984, 1 was a Research Assistant, Department of Rheumatology ^ 
Massachusetts General Hospital, Boston, Massachusetts. 

19. In 1983, 1 was a Research Assistant, Department of Pediatrics, Emory 
University, Atlanta, Georgia. 

20. In 1979, 1 was an Undergraduate Research Assistant, Department of . 
Chemistry, Emory University, Atlanta, Georgia. 

21.1 have received numerous awards and honors for my scientific work including 
receiving the Albert E. Levy Scientific Research Award for Senior Investigator in 2007, and 
receiving the Emory School of Medicine Dean's Clinical Scholar awrard from 2000-2003 and 
2004-2006 among other awanis and honors. 

22. I am a member of the Emory Medical Student Research Committee (2001- 
present) and the VA Research and Development Committee (2007-present). I am also a member 
of the Dermatology Foundation Metical and Scientific Committee External Advisory Board, 
University of Arizona Cancer Center, the Sturge- Weber Foundation Scientific Advisory Board 
(2001 ^present) and tihe Amaican Academy of Dermatology-NAID Liaison (1998-present). I 
was an Organizer for the 48**" Montagna Annual Symposium on the Biology of Skin, Snowmass 
Colorado (1999), I have been a Membership Chair of the Society for Investigative Dermatology 
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(2001 -2002) and a Resident/Fellow Representative for the Society of Investigative Dermatology 
(1995-1997). 

23. 1 have been a member of tb.e following societies: the American Association 
for Cancer Research, The Society for Investigative Dermatology, the American Academy of 
Dermatology, the Tuberous Sclerosis Alliance,. the Dermatology Foimdation and the Sturge- 
Weber Foundation. 

24. 1 am on the Editorial Boards for Pigment Cell Research (2007-present) and 
Journal of Investigative Dermatology (2001 -present). I have been on the Editorial Boards for 
Journal of the Cutaneous Medicine and Surgery (2002-2005) and Journal of the American 
Academy of Dermatology (2001-2004). I was also a Guest Editor for Seminars in Cancer 
Biology, Karolinska Institute. 

^ 25. I have published over 200 scientific papers and I have published extensively 
'in the scientific area of cancer research, including the mechanism by which cancer occiffs, 
: including the role of angiogenesis in cancer pathogenesisi including tumorigenesis. ' 

26. The above paragraphs clearly establish a foundation for my medical and 
scientific expertise in cancer, including experimental cancer and clinical oncology, in providing 
the instant declaration. 

27. I am familiar with United States patent application serial number 1 0/502,080, 
of which I am a co-inventor. I understand that the presently pending claims are directed to a 
method of treating cancer or a tumor in a pati ent comprising administering to a patient in need an 
effective amount of a composition which comprises a compound as otherwise set forth in tlie 
presently pending claims, namely claims 40, 50-56 and 66. Essentially, the presently pending 
claims are directed to the discovery that compositions which contain effective amounts of a 
compound as claimed are effective to treat a number of cancers and tumors. This is based upon 
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die fact that the compounds which are set forth in presently pending claims 40, 50-56 and 66 
inhibit cancer and/or tumor growth by a mechanism which inhibits angiogenesis in the 
cancer/tumor tissue. By inhibiting angiogenesis, tlie presently claimed methods provide a 
generic approach to the treatment of any number of cancers and tumors as set forth in presently 
pending claims 40, 50-56 and 66. 

28. It is my opinion that the presently claimed methods of treating tumors and/or 
cancer are useful and are expected to work as described and claimed, given that angiogenesis is 
an important mechanism by the way tumors and/or cancer grow and elaborate, and the presently 
claimed methods set forth in pending claims 40, 50-56 and 66 are directed to methods which 
utilize the inhibition of angiogenesis as a general mechanism to treat tumor and/or cancer. 

29. Angiogenesis comprises the development of a new vasculature for a tissue 
with increased metabolic demand. In adult life, the new tissue is likely to be a tumor or cancer, • 

^ r: • V . either benign or malignant, or aii: inflammatory process, such as psoriasis, inflammatory bowel 
. .. disease, sathritis, asthma, multiple. sclerosis,^ II diabetes, lupus, and other diseases. The : 
.major sources of the bipod vessel cells (endothelial cells) that are required for this process .^ire 
recruitment of blood vessel cells from local pre-existing capillaries, or recruitment of cells from 
bone marrow that can turn into endothelial cells. Both processes contribute to the 
vascularization of a tumor or an inflammatory process. One of the commonalities of both 
inflammatory and tumor derived (neoplastic processes) is that they elaborate factors that recruit 
endothelial cells. The major factors for these processes include vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor (bFGF), inflammatory cytokines (such as 
interleukin-S, and other factors), which stimulate the migration and proliferation of endothelial 
cells. The laboratory of Judah Folkmaji, MD, proved the absolute requirement of angiogenesis 
for the growth of malignant tumors, obesity, maintenance of pregnancy, and development of 
atherosclerotic plaques. Based upon this pioneering work, angiogenesis inhibitors have been 
developed for the treatment of human diseases, in particular the treatment of tumors and cancer. 
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26. Two Strategies have been developed for the assessment of angiogenesis 
inhibitors. The first is direct inhibition, in which the activity of growth factors on the receptors is 
directly antagonized. The second is indirect inhibition, in which the ability of tumors to produce 
growth factors is inhibited. The phosphoinositoi-3 kinase pathway, which is activated in virtually 
all tumors, is implicated in both direct and indirect angiogenesis inhibition. 

27. EHrect antiangiogenesis inhibition is now in clinical use for the treatment of 
cancer. The most prominent example is that of avastin (bevacizumab) that directly blocks the 
activity of VEGF on endothelial cells. Avastm is commonly used for the treatment of kidney 
and colon cancer, and more recently in brain cancer (glioblastoma). While avastin has been 
shown to be of clinical benefit, it is not curative and has well known side effects, such as 
hypertension and bleeding. In addition, the tumor hypoxia that is induced by avastin is thought 
to cause adaptation in the tumor, such as increased local invasion and elaboration of more growth 
factors in order to relieve; the ayastin-induced timior hypoxia, . Other strategies are being 
developed, but it is likel^: that any strategy that increased tumot hypoxia by itself will ultimately ■ 
not cure a tumor. . s i > > ; . 

28. Indirectinhibitionof angiogenesis is an attractive strategy t^^ 
sufficiently explored. My studies in the Folkman lab, published in the Proceedings of the 
National Academy, were the first to demonstrate that blockade of phosphoinositol-3 kinase was 
able to inhibit the grov^^h of a tumor in vivo^ Blockade of phosphoinositol-3 kinase is an 
attractive strategy for several reasons. First, it blocks the production of growth factors by the 
tumor. Second, it causes increased apoptosis (programmed cell death) in tumors themselves. 
Finally, it is believed to prevent the metabolic adaptations in tumors caused by antiangiogenic 
therapies. Since phosphoinositol-3 kinase is such an important target, we regard it as a major 
focus to inhibit this pathway and to treat tumors and cancer. We discovered that solenopsin, a 
naturally occurring alkaloid in the venom of the fire ant (Solenopsis invicta), is a potent inhibitor 
of this enzyme. In addition, we have shown that this compound claimed in the present invention 
is a potent inhibitor of angiogenesis in the zebrafish model and that solenopsin is stable and may 
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be used as a pharmaceutical agent. See the attached references, Arbiser, et al, Blood, 1 5 January 
2007, Volume .1.09, Number 2, pages 560-565, which teaches the inhibition of angiogenesis by 
solenopsin consistent with its use as an anticancer agent, and Park, et aL, Joutml of Infectious 
Diseases, 15 October 2008, 198, 1198-201, which teaches that solenopsin is stable and may be 
used as a small molecule pharmaceutical agent as set forth in the present invention. The 
inhibitory activity, small molecular size and stability of solenopsin, wiiich make it amenable to 
topical, systemic and oral administration, make it an attractive molecule for the treatment of 
tumors and cancer. It thus represents close to an ideal compound for providing generic therapy 
against a variety of cancerous tissue. 

29. By way of cellular experimental evidence, recently the following 
experiments on a benign tumor cell line (FP52-SV) and malignant sarcoma cell (tsc2angl) were 
conducted^ In these experiments, the anti-proliferative/anticancer activity of solenopsin A (a ' 
compound claimed in the present application) were tested in the two cell lines. More % . ; • : 

' ' isipecifically/^^^ cells from benign 'tumors (FP52-SV40) or malignant sarcoiiik cells - ■ ' 
(tsc2angl) were plated in 24 well plates. 24 hours after plating, the cells were treated with " r ) : ': r 
solenopsin in concentrations ranging from 0-20 micrbmolar or veliicle control A number of ] 
other compounds vvefe also tested. 24 hours after solenopsin treatment, the cells 'were 
trypsinized and counted with a cell culture. 

30, The results of the experiments which are described in paragraph 29, above 
are shown in the attached Exhibits 1 and 2, In the first assay, the proliferation assay performed 
on the benign tumor cell line FP52 SV40, the anti-proliferative effect of solenopsin on the cells 
is clearly evidenced (see attached Exhibit 1). Noted is the fact that a concentration of solenopsin 
at 10 micromolar provided significant inhibition of cell proliferation (approximately 80%). The 
graph also evidences that anti-proliferative activity of solenopsin was synergistic with 
imipramine blue where both compounds were used at a concentmtion of 1 micromolar. In the 
second experiment, tlie effect of solenopsin at varying concentrations was tested against 
malignant sarcoma TSC2angl cells (Exhibit 2). In this experiment, solenopsin exhibited 
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eKcelUm antiproUferative/anticanccr activity against the sarcoma cell line with a concentration 
of 10 micromolar solenopsin being particularly effective, wilh concenttadon of solcnopsin of 15 
and 20 micmmolar being slightly less effective than the lower concentxatJon of 10 micromolar. 
In both experiments, the results of which are presented in attached Exhibits 1 wxd 2, solenopsin 
showed substantial antiproUfcrative/anticancer activity in cell-based assays consistem with its 
use as an anticancer agent as claimed in the present invention. 

3 1 . Given the exceptional iniiibitory activity solenopsin displays against 
phosphoinositol"3 kinase and the direct and indirect role that pho$phoinositol-3 kinase plays in 
promoting angiogenesis, a critically important process in tumor/cancer growth and elaboration, 
^ well as the experimental test i^fiults which are described in paragraphs 29 and 30, above, it is 
my expectation that solenopsin will prove to be an effective agent against tumors and cancer by 
inhibitihg angiogehesisift cancer tissue through in^^ "^^^ 

expectation is corroborated by the favorable antiproliferative/anticancer activity exhibited by 

solenopsin in the c»U-bflaie?d^ which are described above and in attached Exhibits 1 and 2 . 
By virtue of the inhibitory activity of the compounds which are presently claimed ia the pending : 
method claims, it is my.c5q>eptation that thes^ compounds will prove to be.effcctivc antj-oancpr^ ^, 
. agttrta against a brfiad:fange of ttimors^ a^^ 

32» I ftirther declare that all statements made herein of my own personal 
Jbxowledge are true and that all statements made on itrformation and belief are believed to be 
true; and farther that these statements were made with the knowledge that wiUfiil false 
statements and the like so made are punishable by fine or imprisonment, or both, under Section 
tool of Title 1 8 of the United States Code, amd that such wiUftl felse statements may jeopardize 
the validity of the application or any patent issued thereon. 



JayL,Abiser»MD.PhD 
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EXHIBIT 1 
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HEMOSTASIS, THROMBOSIS, AND VASCUUR BIOLOGY 



Solenopsin, the alkaloidal component of the fire ant (Soknopsis invicta), 
is a naturally occurring inhibitor of phosphatidylinositol-3-kinase 
signaling and angiogenesis 

Jack L. Aftiser.^ Tweeny Kau « Martha Konar^ Krishna Norra,'' Ramani Ramchandran,^ Scott A. Summers,* Chris J. Vlahos,'^ 
Keqiar>g Ye,^ Betsy N. Perry,^ William Matter,^ Artthony Fschl,» James Cook s Pamela A, Si!ver,2 Jenny Sain/ Philip Cohen/ 
David Whitmlns,8 Scott Fumess,^ Baskaran Govindarajan,^ and J. Phillip 8owon«^ 

^Department of Dorrriatology, Emc»ry UnivereHy School of Me<ilchi©, AHanta, GA; «Oopartmoat of Syatefna Brology, Harvarrf Medical School and Department of 
Cancer Biology, Dana Farther Canoof In&tlrma, Boston. MA; laboratory o* Pathology, National Car>CGr hismuTe. Nailonai instnutas ot Heelth (NIH), Rockvilie, 
MO; *D«paTtwent of internal Medicino. Dhrieior* of EndOCTinology, Motabolierti, and Diabotes, UnlversHy of Utah, Salt Lato City; ^^Lllly Reseaich Laboratories. 
Indianapolis, IN: *Dopartmoni oS etoohomtetiy, Emory UnivOfsity School o1 Modldne, Attanta, QA; Modleal flMoaroli Council Prortoin Phosphorylalton Unit. 
'CollBga of Uta Scrences Unhwsily ol Dundee, Scotland; "DopamiBntof Clvsmistfy* University of Qacrgia, Athens; ^Doi>artment of Chemistry and Blodismisiry* 
University of North Carolina at QreanEboro 



PhosphatMytlnasitoI-3-kinase (PI3K}, and 
Its downstream effector Akt, or protein 
kinase Bcc (PKSa), play a tnsjor regutee 
tory rote In control of apoplosis, proliferd^ 
tlon, end angKogenesle. Fi3K and Akt are 
ampflf led or overexpressed in a number 
of mallgnancloB, including sarcomas, 
overidn oancer, multiple myeloma, and 
melanoma. This pathway regulates pro- 
duction of the; potent angtogenic factor 
vascular ehdothei)a( growth factor (VEGF)^ 
and protacts tumor cells against both che- 
motherapy and raacUva oxygerh-lnduced 

introduction ' 



apoptoeis through phosphorylation of 
substrates such as apoptotic peptldase- 
activatlngfactorwi (APAF-l),forkhaadpro- 
telnS) end caspese 9. Given Its diverse 
actions, compounds that suppress the 
PISfaAkt pathway have potential pharma^ 
cologic utility as anglogeiiesis Inhibitors 
end antineoplastic agents. Using the SVR 
angFogenasls assay, a screen off natural 
products, we isolated ttie alkatold salBnap* 
sin, and found that It Is a potent anglogerv 
esls inhibitor. Wa also found that solenop- 
sin inhibits the PISK signaling pathway In 



cells upstream of PI3K» which may underlie 
it9 affects on angksgsnesls. Con^stent with 
inhibition of the activation of Pl3fC, soienop- 
Sin prevented the phosphoryfotlon of Akt 
and the phosphorylatton of Its substrate 
forKhead box Ola (FOXOle), a member of 
the fotldiead famlSy of nanscrlption factors, 
fnterestlngiy, sofenopsin also Inhl Wifid Akt-1 
activity In an ATP^ompetflive manner In 
vftro wHtiout affecHng 27 of 28 otfwr protein 
idnases tBsted. (Blood. 2bG7;109:560-6fi5> : : 

(Si 2007 by Tha Ani«rlcan Society of Mefnatolbgy 



The s(jrinc/ihret.mine,;kinase c-Akt-j. or pnitcin kinase Ba (PKB), 
is Che cellular honiolog of u traasformitig oncogene im'tially 
isoUiftd from a lymphoina. Aki is a clowrtjitceajti Uirgct of phospha- 
tidylinosito)-3-kiDasc (PBK), a family of a( least A different 
e!i7-ytne$, with the prototypical Pr3K: hcterodimcr consisting of a 
pS5 (regulAioiy) and a pUO (catalytic) .swbunit. The PHK^Akt 
pathway is Invcilvcd in the regulation of diverse cellular fdnclions 
inclu<Jing proliferation, cytoHkclcUtI orgamzation. .survival, and 
malignant trajisfomiatioTL' * Upon binding of PI3K products to ics 
picckstrin honxklogy domain. Akt is translocated to the plasma 
njcmbraiie where it is activated by upstream phosphorylated 
ktiis^sea, including TOK-dcpcndent kina<:es I and 2 (PDKl and 
.PPK2) and mammalian targciof rapamyciti complex 2 (mTORO). 
The PI3K/Akt pathway is stirotilatcd by numerous receptor ty- 
rosine kinases and oncogenes, including receptors for insulin-like 
growth factor 1 (IC!F-i)» plaielet-derivcd giowth factor (PDGFX vascu- 
lar endothelial growth fiacfor (VEGF). ras, Her2/neu. Jind polyon^D 
middle T ona)gene».^*-w Bexsmsie Akt plays a cenlral role in regulating 
apopiosis. angiogenefiis. and metaboJii^ of cells, Aki is an attractive 
phannacologic target for the treaaneni ofcjjTiccr awd infliimmadon.^'''^'^ 
Small-molccular-'weight inhibitors of PI3K include LY 294002 ami (he 
foiigal metabolite wortmanninj^ as well ctlicr phospholipids, inchid- 
iofi pcrifosinc, whidi has enteiwd cMca] tdak^^'-^ 



Using the SVR angiogenesis assay,^^'^ we found thai soleiiopsin 
A.''-^ tl)e primary alkaloid from the fire ant Soienopsis iwiicta,: has 
antiangiogcnic aLtivity. We alsio disaivcicd diat solcncjpsin disnipted 
angiogenesis in vivo in embryonic 7,ebrafish. Tn orda to detBirnine the 
mcKlc of action, we examined the ability of solenqpsin to inhibit a 
battery of celliilor kina^ses m\ foend (hat solenopsui A inhibited Akx 
relatively scledivGly in an ATP-compctitivc manner without aficcting lis 
upjrtreiHii adj valor TOKl or FI3K. However, in cells, solenopsin 
prevented the activation of PT3,K, the phosphoiyiation of Akt-1 at l)o*h 
Thr308 ami Scr473. mid the phosphorylation and subsequent snbcenular 
localization of fotWbcnd box Ola (FGXOl a), a physiologic substrate of 
AkL^^ In contrast. solcncTpsin did not affect the activity of puiified Pr3K 

PI>Kl , which is the kinase that phosphoiylarei? Aid at TT]i30S. Taken 
Wgethcr. our rc^ulL*; imply that solencjpsin eiWrtS its cITecte on Akt 
activity in eeDs by inhibiting a step in the signaling pathway that lies 
upSttxaonofPBK. 



Materials and methods 

Synthesis off sofenopsln and solenopsin derivatives 

Solcrnpsin anabgs wcrc syrijtiesizeti beginning witli 4-difoinpyridiue aiid altyl 
raagncsium halidcs. reiuliing iji i\ 2-aikyI-4-chioro cetmhydmpyridinc, which 



SiAimhracI June 19. 3008; aoeapted August 30, 2008. PtepubEdhed onlino as Blood 
FbBt Edittrjn Paper. Sapien*or21. 2006: DO1 10.11 8aA»lood-2006^3e^ES934. 



payment. Therefore, ancf solefy to intftcate this lact, this artfd© is hereby 
marked ^Bdvertbwienr In aecordance wtih is USC sactlcjn 1 734, 



Tho publication costs ot thl., article were OofrayBd in part by page charga ©2007 by The American Society of Hematology 
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BLOOD. 1 5 JAMUARY 2007 • VOUUME 109. NUMBER 2 



wns further inndinal by lithiftuon and reduaion wirb a li>'drogcn and jmlladium/ 
cartxm aualyst.^ Derivatives S). S2. nnd wire prcpracd rfiia way from 
CWTUXicrciaUy available olkyl Gilgnaftl PCagcnLS (Sigms^Aldrich, 3t l^s, MO). 
Other ttaginrs were synthesi^wl accnnling fa the mdhod of Beak and Lec,^ in 
which N-Boc-Rubstiuittd pJpenrt3fi« is JlUilated »n<l nicthylaJod ar the 6 positicm 
wiih dimeihylsulfj^te. followed hy addiiion of a Ibrmyl group (il ihc Z' position. 
The 2' position Wfts nrnxlified by n Witttg TKiction, generating 2'alkcrtyl~ 
substituted frmcthylpipcriclines^ which were subscgcienUy hydfogcnated to 
generate derivatives S5 Id S19. Derivatives were converted tn liydrochlo- 
ridc salt-H thTcwif.h passage oi* hyiirofi^h chloritit tJirongli solutions of d»c 
soliTtopsin detivrttives. 

Otherrtagcnus were syt)ih«i2«t by lithiatingN-Boc-Rub^tiiutcapiperi- 
dinc and incthylatinu it at thc.6 ^jrflion with dimcthylsuJffttC. followed by 
cicklition of ^ forn^yl group Pt the 2' i^o^^ition,^^-* The 2' poBition was 
itiodificd by A\Vitrij? rwiction. gencraring 2'alkenyl substituted e-mcrtiyipi- 
pcrittinc;. wliich were stibscqucnlly hydrogunatcd to generate dcrivfitives 
S5 to S19. Deriv'Miv«is were coovertwl to hydrochloride snlis through 
passage of hydroecji chloride ihronssh aolutioiw of the Kolcnopsin dcrivativcR. 

StniciurQ activity relaftlonQhip \n SVR ancjlogenedto d99ay 

SVR cells arc mwlr« enclothcHal ceJIs imTnottaliicd by inl'cction with an 
Qcotropic retrovirus encodinis SV40 Iru^c T anri^n. followod by transfor- 
niatioit with nncngciiic H-ra-s. and have been used exteiiPJvdy ox a fiercer 
for aiijfiogcncsis inbibtKVfs."'*-i8.25 SVR eel Is were piaicd at a concQntrstioTi 
of 10 000 cellA^we!]. ax previously dcreribcd,'^ and trcntei) m\h solenopsin 
or Rolcnopsin an^lof,s CFigwr^J I) at cortctiirrdiiohs Varying fnnm (1 to 6 
ixgfmh for AS hooi-s, at which xxiint ceils' were 'coutiled with a Coulter' 
Counter (GoiiltcT, Hiakah, FIJ. 

Kinase inhibition assays 

Solcnopsin and its ittuilogs wcir tc^M m vitro for ifihibitnry activity against 
the foltpwirig ertzyiTcwfl as ,ptevipuRly dcjjciil)«f=*: MKK.I ERIC2, JNKI, 
p3 MAPK. p38p MaPK, p387 MAPK. p38& MAPK. RSKU MAJPKAP- 
K2. MSKl, PRAK. PKA. PKCa. PDKi: AKTI, 5iGK. S6KK GSK3p, 
RpCMI, AMPK;CHK1. GK2.- .PHK:, LCIC.CSK, Ct>K2/cycl|n A, CKl. 
DYRKla, wid PPZa as previously pcrfomicd for l»nokioL"» Solenop.Mn 
and iiK analogs wcie tested n&timt purificrt recofflbimmi TOK pi lOalpha/ 
pRSalphs COtnplcsx mezifliiring rbc converition uf phnsphattdyMiiositoM^- 
bispliosphtite (WPSt top!KwphatidyliiioRiiol-5,4^-triphosphfttc (PiP3),-' 

Western blot analysis 

OsIJs were jjtowh od 10-cni dishes and Allowed u> reach apjnt»ximnteiy 80% 
conffucnce before proicin Isolation. Sflmplc aliquots Dom^atizcd for protein 
quantities were si7£ fraciioimted by SPS-PAGE, and th« pioieijis wcrt 
trajififcrrcd to a PVDF mrmbr^e, Iht blots were ittcubuted in blockirig 
sohition; PBS with 5% (wt/vol) powdered noniat milv for 1 bouf at room 
tefttperaturc (RT). The blots were Acn incobated ovcmiji^ht in sheep 
polyclonal arui-Afct CUpstatc Biotechnology. CharlottcRville, va) or rabbit 
poiyckmal antiphosphorylatcd Akt (Scr 473; CcU Sisnaling Technolofiy, 
Danvcns, MA). Rubbtt polydonni antibodies against insulin receptor 
subsiratB 1 flRSl) were trorn Upstarc Biotechnology, and mouse monoclo- 
o;il iinHphoaphotyrosinc rP'-iyr- 100) war from Cell Signaling T^chnoioj^. 
Protein A-agarose beads and scccrtidaiy aiitibodiOK oonjugpled to hor;icnjd- 
iJh peroxidase <HRP) were flrom Sanra Crui Btotochnoloay (Siinra Cruz, 
CA). Dulbccco modified Eagle medium CDNfEM) was from Hyclon^ 
(Lopan, UT>, AAd ficnim was from VqUcy Biomedical (WinchCRtpr. VA). All 
cheiracala, unlet? oilwrwiaenicxicioned. wcrc obtajneil from Signio.AJdrich. 

raxoia and RavGFP export assay 

The FOXOla export assay is described in ICiu ct al.2.^ Briefly, 786»0 cells 
weit plated ODto black, 384-wcIl. clear-boitom plates (Cmw. Comittg. 
NV> in 50 itL DMEM/5%' fetal cloiiic and infected with Ad-FKHR 
adcnovlnis. F6r ccmpoirad troatniaiL solctHrpjin A was serially dituicd 
starting from «(> mM to a scp,vatc 3lM«wcll pimc before trwwter onto 
mfcctKl cella. Cell? wenr incubated Wth compound for J ht)w befon: 
llADtton with 37% fonnaldchyde and tlwti stained with M5 .iml^LAG 
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aotilKKly (SiRrna-Aldrich), Alcxa Fluor 594 goat antimoosc aittibody 
(Ipvicrr^cn, Carlsbad. CA) and Hiicchflt 33258 tSigrn.i-AJdrich). 

RevGFP CT^port inhibitiOTi ift also dCx<u.Tril>KJ in K£iU er al.^' U20S- 
RcvOFP cells were .seeded onto clear-bottom, black. 384-wcll plates iti 
50 ^jiL complete malia. Cells were allowed to aMach nnd ^ow overnight 
before ireatmcnt with solcnopsin A. Solenopsin A diluriotis were made as 
described in the FOXOlQ expon ap^ay. Ccll< were incubated with 
compound for 1 hour before ft^^ation with 3 J% formaldehyde and nuclei 
fiiaitting with HocchRt 33258. 

Zat^raf ish stocks 

Zebrafish were grown and maintained at 2B.5°C. Matings wetvs routtacly 
cnn-icd out at 18.5*C, and lint embryos were staged according to established 
proiocob.^'* Btnbryos were staged according to time after ibrtilizetJ4vi and 
morphology. Transgenic Fli-EGFP fish (rOifliJ:EGFP)y^P wcne jwr- 
chamrd Itoiq the ZebraRfii Information Network (ZFIN, Eugene, OR). 

Drug studies 

A number of embryos (20-4.0) from a Transgcmc maUng pair wcic collected 
find incubJited at 28,5 *C with 2.0 mL of e^g water in a 6-wb11 plate. At 6 
houR <ifter feiiiiization. egg water was replaced with fresh egg water (1.0 
mt) containinji drup^; (^njcnopsins A and S3) at concentrations (3,75, 5, and 
6 fLg/mL) determined from a pieiimiitaiy dd<ic curve atudy. .DM30 controls 
were ai50 incjudcd each tijne an experlnMM)i wa^ performed. Phcnylthiaiirca 
(PTU) was added t6 a ftivil coDccntratioii of 0.003% to prevem pignicota- 
Tion at i 0 to 1 2 hdurs after fcrtihzation. Bmbiyos were ailowed to dBvelop 
-'to the requiied stages at 2S.5^C unrii ttady for contjocoi ixiicroscopy. Fish 
were placed onto glass covcfslips embedded into 35-m(n dishes (MatTek 

-.Cplp. AfilUflfld., MA), ancKthcti^cd with tricaine (0*016%)/ and examined 
with a Zeiss Axipvcrt IpOM microi^copc u^ing IQX 10.3 NA'-and 25X 10.3 

.NA objecfcivc?! (i&ips. Tiiomwood* NY). Images were gciKrared uslug ft 
Zeiss LSM\5]0 IflKCr-^canning microscope and were prtJcAssed using Zeiss 

. ^Aiin software. These experimcntj were pcxformed in dpJFMtel-Coinfoca'l 

■ imogca wen: captun:d at the Cell and Cancer Biology Braitch Conofbca] 
Microscopy Care facility (Naitioiial Cancer JniititutDi. Nadonal Institutes 
of Stealth). 

Studios Of the affect of sclenopsin on cells 

3T3-L1 ccliK TVGie senjin-jitarvcd rn DMEM 0.2% BSAfqi- 2 houfis and 
treated wich 3D ijlM .solcnopsin A for 20 minutes prior to stimulating with 
1 M-M insulin for 10 cninutes. Plafcs were ivushed 3 times wjth tc^coldPBS. 
Cells were scraped into lysLs buffer (SOinM THs [pH 7.5.1, 150 mM NaO, 
4 mM Na^VO^. 200 m'M NaR 20 mM Na^PaO?. iO mM EDTA, JO^fc 
glyc<iml, \% Triton X-100, and .1:100 protea.«>e inhibitor cocktail), and the 
ivsay WAR performed on the eel! lysates as tneirtinncd previously.^^ 
Solciiop[iin (5 nM-IOO m-M) was teAted in ^aH3T3 cells for Us abUily to 
inhibit PtXJF-induccd phnspbo-AJtt foimaiion. Fbosfpho-Akt was deter- 
mined uainR the U-COR Odyascy (Ijticoln. NE> m-ccll Westent proiacnl' ' 



Results 

The SVR proljjfcrtition as.say is a broad screen that examines the 
ability of compounds to mhibit the growth of ras-transfooned 
eodothttlial cells by inhibiting either rtts-'-specitic^^s or endothdial- 
specilic'* signaling. Compounds (bat inhiWt SVR ceih are tested 
routinely on nonendothelial cells lo detenninc whether or not the 
Inhibition is eudothclial specific. Solenopsio and a series of related 
tetrahydropyridincs (Figure 1> were tested as angiogenesis inhibit 
tors using the SVR endothelial cell proliferaHon a5:.say; among all 
the cloKcly related solctnopsin auato^s, only soJcnopsin A signifi- 
cantly iinpaired SVR prnlifemtion (Figure 2). We thuj< cho$c 
solenopsin further mech<mi5tic ^ttudics. 
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Figura 1. StmcHiro of «Ol*nop«In and aolenopsln HnelogB. 



Inhitohionof kfnases 

Spleropsin w-aj; tested against a panel of 28 kiniiscs and I protein 
•. p)ioi9phalai;<: b vitro (Table 1). These experimcnijii rrvw^Icd that 
. solenopsm al U) m-M inhibited Akt by 50%. Apart from dbasoraal 
,prc)tvin S6 kinase 1 (RSKUV tiitWch^was inhibited to a similar 
extent t«) other enzyme in ihe panel wtw iijliibitcd significantly. 
The inhibtlion of Akt by solcnopsin wa5S found t:o be competitive 
With respect to ATP; as inhibition of Akt increased With decreasing ' 
confceotnitions of ATMn the a.s<?ay mWc 2). Solenopsin'did nor 
inhibit ?Dkl (Table W sm upstream acdvarot' of Akt, nor did it' 
' .mhibit the pnrificd fccombmant PI3K. pi lOalphA/pSJalpha com- 
plex In a cell-free hssijy mcftSiiring the conversion of PIP2 to PIl>3, 

Solenopdln antagonized Akt function in ce)H>aded asaaya 

Given that soJciiopsin inhibited Akt in vitrv\ we wanted to exaryijfic 
its ability to inhibit Akt hi c&\h, Akt Is a serine-threonine kinase 
that phosphojylate$ mukipJe substrates, incloding menibm of the 
forkhead family of transcription factor* (FKHD/FOXO). Once 
these FOXOprrmcins are phosphorylated, tliey are trnn-sported fi-om 
the nricleus to lite cytoplasm. Recently. Kau er. 9I described a 
higlvtbroughpot away using Fl^G-cpitopo-taggcd FOXOlo in 




Figure 2. Smictwre^lvlty reladon^hlp of 90l«tiopsln «nd analoflft In SVft 
""J"^* ^ "0 art(*tojjs 1 10 1 7 w^ro iBftti^ for tholr abllHy 

to InwbJt iho profHar^lonof SVR «ndotheItel COila al 1 no^mL. 3 nQAnU ?»nd 6 ^^mL 
only oolenopsin Aoxhlbltai dtwe^daparvaeni (nhlbttionol SVR pr^nferaaon (P < 05) 
Dara reprweni avonigo of duplicate emtmem. oach p^fiormod fn trtortcaw.' 
Analog tfatn not ahown lor bravtty. 



Ta&lQ l> Effflctol aofenopaln on the gctfvttteg of protein kinases 

. ProtHtn kinase ActlyHy, % control ± SO 



ERK2 



cnr\<: - - ^ . - 93 — 3 

P38>MAPK. ; &1 --2 ■ 

PDK1 136 i: 6 

Q8K3B 10$ = 2 

AMPK 98 : 7 

89 d 

DYRKla ~ 'gg 1 5 

EbcM prot9ln Wnaae wa$ sssfiyed Jn duplicate at 0. 1 mW Atp in the prcaenco amJ 
BtMonea <?t 1 0 ^JVI -^Qfcnopela Tho nwuHs are preaeniod dS the peroomD^ of activfty 
remaining In tho presence df solenaps&'n (average ot dupficalB doioTOinsttona). 
Similar reaulta werd obtalnatf In smother Indepentidnt experipnem. Each prptflln waa 
express«i, purtfled. anfl assayed a» dMcrfced praufously.s**'? MKK IndleatDB MAI>K 
kin^&e: ERK, axfn^ojiular algnftf-n&lated Kinase; JMK. c^uf» N-tonnlnal kfnaad- RSK, 
P90 ribooomal S6 kinass; MAPKAP-K2. MAPK-actlvalBd protdln kln^W 2: MSK. 
mitogarv and ffirTOe-actir^tad kinaae: PRAK. pSS-r^HSjulatod/eclh^jtod Wnase; PKA. 
cAMP-dcpandBrt pmto^n Ufnaaa; PKC protoin Wnase C: PDK1. S-phnspncinosWcfo- 
dOP«fKtent protoin kinaae 1 ; AKTI . protoin Wnose Bet: SGK. serum ^nd gtuDOCOflfcokl' 
induced protoln kinase; SSK. p70 ribosom^l pmteln SB kinoso: e5K3. glycooan 
^r.^^Ii)^*'"^' Rha-depGndom Mnaaa: Ampk. AMP.;»<Hva:od protom 

u CHK1. checkpoint k|,vtee 1; CIC?. casein Kinase 2: PUK, phosphorylase 
kinaae: LCK, lymphocyte khase; CSK; Ctonnirtal Src Kfnoae: CDK2, cydliv 
<tepandom kinase ?,-cyc«n Acomplex; OYRK. dual epctificity tyniaino QhasphoryUt- 
iton roftulatod klftdso; and protein phoapharaso 2A 



02/28/2011 19:30 1203870S002 



COLEMAN SUDOL SAPONE 



PAGE 28/34 



BLOOD. 15 JANUARY 2007 'VOLUME 109. NUMBER 2 



SOLENOPSIN INHIBITS PI3K SIGNALING 563 



T&bte 2. Sotefiopsirt tnhiwmpn of PKB/AWt Is competUfve wtth ATP 



ATPconcsnlrfltton» 




Activity, % control i SO 




















100 




75.4 ± 7Z 



SolGnopsIn A (1 0 mM) was tsBted for Rs ablnty to inhlbh PKBtt sf » rangts of ATP 
conconlrgiionji. The rwMi>* ^ro iw^eotGd ?i9 llw pe»ic©nfa(r6 of fiic<ivily f&m&irting In 
th(^ prodf9il6d d s^lsnopsln ralBthra to the actMty meesured In the absartce of 
aolenopaln. Reautts are expreaaed as the Avorago cf dMplicaN) <Ie*ermlr»atlon», 
Similar ri>SMU$ word O&tdlrnsnJ h wvOraf othef o^pwlmunte. 



cells null in PTEN to rapidly assess tbc ability of compounds to 
inhibit nuclear eTtpoit of FOXO prnteijis,-^ Consistent with its 
iohibitory activity on Akt. solen(?p!>m A inhibited the nuclear export 
of FOXO ia. This inhibition was «;ipecilic, as export of RcvGjFP, a 
protein whose nuclcaj c^ort does not depend on Akt, was not 
inhibited by .^tolenopsin A (Figure 3). 

Solenopsin inhibits Ineuijn-mecllatecl PI3K activation 

Treatment of cells with solenopsro did not inhibit insulin- 
stiTnulatc<l hnroE:inc phoKphorylation of IRS I (Figar& 4A), bnt 
blocked iyiHubn-induccd^pDK^dependent gehemtion of 3-phosphoi» 
nosittde^s (Figure 4B), Consistent with inhibhion in cells occurring' 
at a level between tRSJ. and PIBK, .solenopsin aho inhibited 

. ^ '..signaling dowTistream orPT3K. namely the phosphotylation Of Akt 
at Thi^OS (Figure 5) and Scr473 (Figures 4C, 5), which are 
catalj^e<r by PDKl sindithe mTORC2, resjicctively, and th* 
.phqsphiiryliition pf FOXOlA at Set^56 (Figwie 5). In contra^rt:, 
^soIenop.^in' did not inhibit of Akiin 

NIH3T3 ecllsixcept at cytoto;cic doses (data not 9hown\ suggest- 

' ing that: solcnopsin's activity may be specific to insulm sjjgn^tling or^ 
pathway jind/of cell depetident. 

Solenopsin A inhibits ombryonic androgenesls Inzebraflsh 

Given that solenopsin A inhibiiBd qngiogcnesU in vitjix wc used a 
'zebrafi5h model systert) lo determine whether it could j%opprc»s 




20 iM 



Figure ^ f^WCOlB tacatotlpn efter trMtment with ^c^tenopAiiv 78$^ Pten-'- 
?i^i!!^!!t 1^?^'^'''^^*^'^ tffl?ifi.d«l!h DMSO. worim^nnln. or aolonopm 
T^atmem w,th \be negative comro). DMSO. resultod In FOXQl A In the cWOdIbotx 
«hl e tre^mcnt with thp RISK inhibitor wornnawln reloen«zod roxOlVftTrnft 




m$0 \r\B ittst^A !$ol.A 




RBU»4. jS^onop«lti InhlbllB tnauMrv«Umulo1»dP83K.6l9naHnglh ri^U • 
STS-L'i fasnblQstS w«ro traated with 30 \lM J:tQloi>opsin A for 20 mlniitoB. prior tn. 
ftlmuiatln^i with" 1.|iM fnaulln for 10 mihiitdS. (A) Insulln-stlmufaiecl, lR^1-«edOdated 
PI3K adMly mti by measiiring the iriOOrpcraikJn of iatwied phwphftto 

from [T^PjATP Into phopphallctylirKWitol. Labeled phoj^phatldylinosftol 3-phDSphate 
was reflolvod trom ATP by thin-layer chroma(tOflf(^C?hy. which was visuallxod using Q 
S^orm PhoaphoHmager. intons^ Of iho bands was quantified by tmageQuant 
sofiwBfe (MolocuiaT Dynamics^ Sunnywain, CA). {B) Cell lyaatee wero msoivdd by 
Sr3S-PAC35, WbdtBrn-blcitod wHS> Juitt-ohoapho-Akl (SQr473> ftntibodloB, and de- 
locted by enhancad ch<fmnvminpscwnc0. (C) lRS-1 waa Immunoprecipftwod tit>m 
oetl iyaatQ^ In pflMi A, but the resulting rmmunopreclpfiateo w«sr«k th6n resolved by 
SD$-PAGEandlmmunobtottod with antiphosphotyrosindOrantt-IRS-i ^ntlbDdidd. 



angiogene^is in viva Zebmfish embryos are transparent and drugs 
dissolved in DMSO are rendily permeable through tlie cbotton. 
Solenopsin A and an inactive solenop^n analog (S3) were incu- 
bated with embryos from a transgenic (TG(flU:ECFPy^P ze- 
brafish lijie that carries a 15-kb promofer of ftiwid leukemia 
integnition-l transcription factor (fli-l)» which drives QFP expres- 
sion in the ctidothelium. Treatment with su>lein>psii}» but not the 




pan Akt 

RgWB 5. Phospho^Akt dnd ph«pho-fOXOl5 fmmunobloL AdFKHRHntected 
76»0 cm were trofited with DMSO. wortmennin, or $oidnopaln in decreasm^ 
woftmannin, reduces phoepho.9«i173 Akt. phoepho- 
Thr308 AKL and phosoho-S<5r256 FQXOIsi leveie. 
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Figure 5, Effoctof Sdlanopaln on va^culBr ctovclopmwrt In zebraffah. Coniocai liTwgos of flrug* treated smbryos enown rief<? afD prlmaflly lAtOfdJ ordoraolatorai vtowp of tlvj 
trunk vsscuWuro of dlW^nent TG(f(n:£QFP)>'f embryos m 32 Hours after rBrtllizatlon. In both panels (A J 0 X: B. 25 X), r and lU reprosent Bolenop$ln 3-^r*»tOd eitibryoB whUa II 
Wd W represent soienopsln A- trwtod embryos at 5 and 6 iLgfmL, reapetrtlv^Ny. (A) In 1 and III the primary aprootp tfom th« ddrsid aorta ar>d posterior cardinal vein hdw© spBt at 
* tllfi f«V«f eif thO dOttelateral Burfftco of th© ncoral tubo» and branchea Irom j(Kljownt primary sprouts arc interconnoctod to fprm pairod longihjdlrwi^ arwstomollc vo'MCJs 
: (DLAV; whltfl 3rmwh03d)..1n ii and ly, Ihe prtrtwy sprow<$ (r©d orrowhoBd) havo ttolayocj corvfjIdoraWy in rpeching the doraofatoral fturtacc Of tho riOurttI liibg. (B) In hIcpK power 
(25 X), the absence of DLAV Is donoiod by an arrcw {\v), and the spaoin^ bulwo^n tfre sproute (white flrrowhosd In |v; rod arro**?iead In Ii) Is distinct. 



inactive solehopsirt ^maJog S3, del;iyed intcVsyniitic ye&seV .sp^<>^ds^ 
^nsing from; the domj aorla (Figiire 6): Thfets' ciPrccts ,<^^ 
those iieportea prqvioWly for VEGB^2 inhibit^^^^^^ 
development" . in. which 'ihcy' injected doTTiirimit aciiVc^kirc6n- 
^ strqcLs thai rescued ^VEGFR2 '9 intcrsomitic vesiser defect When 
' ; tcsted.at 24. hours >fter».ferii«za^^^^^^ Hcre..we tested the effect J3f 
* solisoopsin at 6 hoiin after fcrtilizntion/The vasculdgeujc vessels 
such «s the dorsal aotta.imd 'the posterior cardinal veit) fomied 
appropriately in solenopsin-treated emhtyos. suggesting thnt so- 
Icnopsiti may delay angio^cniv preairsors (n sprouts from reijching 
their tiirgel. A potential reason for these difterenccs is that VEGFR2 
inhibitors may affect the developjmcni of tisijucs that express 
VEGFR2, whiJc Akt inhibitors such as solenopsin may affect 
nonvascular tisfiws, leading to the differeni phcnotypc. 



Discussion 

Sokmopsh invitta. the fire ant, h a major pc?»t in the United State.*:, 
infesting more than 290 milHon acres. The ant is capable of 
multiple stings, and secretes vcnoot that consists of the alkaloid 
Wlcnopsin and venom protcins/^'^ RcpcatcMl slings can cause 
death to animuk And humans throosh a direct action of the alkaloid 
or alletiic reaction to the protein. The mechanism of action of 
solfinopsin ha« not previously heen determined. Solenopsin and 
solenopsin analogs were initially 8ymhesi35e<i tn an effort to inhibit 

pniHiuciion of sokoopsin by a ffcedback mechanism in ftrc anta. 

We tested solenopsin and solenopsin analogs in the SVR angiogCLi- 
e.sis assay, which measures the i<bility of compounds to inhibit hk- 
trfmsformod endothelial cells. Of ihc compounds tested, only the 
nanjrally oocuning sotenopmn A had activity agnitistSVR cells. 

The FI3K signaling pathway is known to plav a critical role in 
angiogcnesis; therefore, we investigated whether solenopsin af- 
fMtcd thiH pathway. Tmcrestingly. we ft7^ind that splcnopftin did not 
affect insiilin-itKluced tyrwsine phosphorvlation of IRS L but sup- 
pressed tfic 2ctiv«tion of PI3K and heiicc the phosphorylation 
events that lie downpircam of FJ3K, s,uch as the in3ulin-indui;t?d 



pbi^boTylk^^^^ of Akt at Thr30S and Ser473 and the phokfiiFioTyla- 
tiofi of If^Ci^xd I a physjoiogic snbstraie of Akt. However; we also 
found that solenopsin did not inhibU pirriSed PT3K:or 'PDKl (the 
protein: Jdnas'e which phosphorylales Akt at Thr^OS) in vitfo. Taken 
together; our results suggest that solenopsin blocks, the signaling' 
/ pathway do\Yrisirk2m 'of IRS I bt]t upstream of PI3IC perhap,? by *' 
di!5ruptirig.:tfie interaction between IR51 and the, p85 regulatory 
.^ubunit of PGK or by altering the location of tOFR in lipid rafts. 

Interestingly, we also found that solenopsin inhibits Akt in vitro, 
and that the inhibition was relatively selective, since only 1 other 
protein kinase (RSKl) of 28 other kitia>>cs tested wai inhibited. 
However the inhibition was competitive with respect to ATP> and 
the IC» value dercrmincd at 0. 1 mM ATP was 5 to 1 0 |jJvI (Ibble 2). It \ s 
dierefore unclear witedier Akt WoOld be. inhibjlod significanily in cells at 
the oonccntiatjon.s used id this study (2(^30 |ulMX i^ince Ibc intracellular 
cxintocntmtion of ATP is in Ihe jtnllimolar tange. NevBrtheless, the 
relatively selective inhibition of Akt liiy solcnospin in vitro is of interest 
because relatively few Inbibitof?: of Akt have been developed, and Akt w 
a pnarainent phatmacologic target in cancel- and inilaiiunatofy disorders. 

Phospliolipid ethers have been demonstrated to have activity 
against Akt. as well w potenlia] alternative targets.'-^ Solenopsin 
shares (he long alkyl side chains seen in phospholipid ethers and 
resembles twiltcfosine and perifa^'mc by having a positively 
charged amine group and alkyl chain. MiJtefosinc has been shown 
to have antileishmanial ucthdty in hutnans and to cause insulin 
resistance in nui.<M:1e.-'^7 Perifosine is in clinical trials as a PI3K/Akt 
inhibitor in advanced cancer,^^-^* 

Solenopjiin and its dcrivadves are asnenable tA> large-scale 
synthesis, and because of its free secondary jitiune structure 
solenopsin can be readily conjugated to other molecules for 
targeted dchvery. Recendy. advances have been made in the 
iclentificadon of molecules that lire specific for ttimors and tumor 
endothelipm. Conjugation of solenopsin to these moiccnles may 
provide a novel and specific therapy for advanced neoplasms, both 
in terms of oisAtmcnt of patients directly and purging of autologous 
bone marrow for transp?antation.^'^* 
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In Psetidimonas aeruginosa^ qiiorum-sensing (QS) «j{^ating 
r^ulates the expresvsion of viruJence factors 4n<l thus kcpre- 
sentsanattraftiTCiiewtflr^et f^^ In the 

present stuidy, we mybtigaj^w^ . 
alkalcidd from the fire ant; posses^d agpniistic or ii.ntigoni«iic 
QS sigti^ijtig i4<:tivity in P- aeniginosa,\^.e evduatedthc. mpdr 
i ulatipn of vinileiice factor expression and transcriptibn^ levr 
. . eb df QS-reguiateid ^xies in P, aerUginosaby Mlcnc^sin A ajnd 
demonstrated that solcnopdin A efficiently disrupted Q$ sig- 
naling. Interestingly, ^icogenbusly added C4-homoseriiie lac- 
tone {HSL)> bill not 3-oxo-Cii-HSL> restored P. aerugino$A QS 
aigniding» suggesting thai soknopsin A targets the C^-HSh- 
dcpendent rhlQS system. 

Pseudornona$ aeru^nofa is a grain- negative 0pp(3rtuni4ttic 
pathogen that is able to infect ins€cts» plants, and humans [1]. 
Importantly^ chronic R aeruginosa uifections are common m 
patients with cystic fibrosis, causing serious niedicnl compjic;^- 
tions. The virulence of P. aeruginosa is regulated in a population 
density-dependent manner, a microbial process known as 
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"quorum sensing" ( QS). QS is a means of intercellular commu- 
nication Uvscd by both gram- negative and gi am -positive bacteria 
and is mediated by small, diffusible moleailcs termed "AUtoin- 
ducers" [2]. QS allowoi bacteria ro control gene ejcpression in a 
cell density- dependent manner> and, notably;, genes regulated 
by QS encode a range of virulence factors, such as toxins and 
proteins involved in biofihn formation, nicrcforc, QS signaling 
$y5t<nmii might represent attractive new targets for antimicrobial 
therapy [3) . l!n fact, a numb<?r of studies aiming to control bac- 
terial \'i.nilence via disruption of QS signaling using syntherk 
small molecules, natural pn^ducts, or antibodies have been con- 
ducted [3-6]. 

P. aeruginosa possesses 2 LuxR/I-type QS systems, termed 
"ifii!" and yht," which use 2 distinct acyi-bomoserlne laaone 
(AKl,) autoinduccrs, 3-oxo-Ci2-HSL and C^-HSL, respectively. 
The Ujs QS signaling system has been shown not only to regulate 7 
the production of \'irulence facti)rs but also to influcniCC the M ' 
QS circuit [1], However, it has been demonstrated that the rft/- ; ' 
QS system itself plays a significant role in coritrdlliiigthepatho-' " * 
genicityof F, ii^ru^wo*A for example* through dbcproditci^Ion of 'f' • 
pyocyanin and dastase B and the formation of bi6films. Most 
inhibitors targeting the P. aeruginosa QS sigti4"*'g. 4*^f ^' . 
ported to date have been. structural mimics pf i^^aiiil^^^^ . . . . 

[4]. Kecently, a'.new immttnothcrapeutic approach ha$ been re- 
ported that uses QS'quenching anti-AHL antibodies [6]. 

SoIenop*in A (fra/>5-2-mcthyl-6-imdecylpiperidlnej solenop- 
sin), a venom alkaloid frotn the fire ant Soknopsis invicta, exhlb- 
' its global staicturai similiirity to 3''Oxo-Ciii-K5.U possessing a 
long hydrocarbon cliain attached to pipcridine, a nitrogen- 
containing heterocyde, via a chiral carbon (figure I) [7]. In 
addition r it has been showji that both snlcnopsin and 3-oxo- 
Cij-HSL possess antimicrobial activity against gram-posiclvc 
bacteria [8» 9J, Moreover, a recent study demonstrated that so- 
lenopsin and 3-OXO-C12-HSL exert a wide range of biochemical 
effects on mammalian cells (7, 10). Thus, in the present study, we 
Invcstigacsd solenopsin for its potential to act as a QS signaling 
agont$t or antagonist in P. uemginasa. We demonstrate here that 
it cfticienrty suppresses QS signaling, resulting in a decrease in 
virulent ftctor production and biofilm formatioJii. More inter- 
estingly, in contrast to our initial expectation, our data suggest 
that the main inhibitory effect of $o.lenop$in might be exerted on 
rhl signaling. 

Methods. PAOl-I, PAOl-O, and PDO .100 strams were pro- 
vided hy B, Igiewski (University of Rochester). Synlliescs of so- 
lenopsin and its analogues have been described elsewhere [7]. 
Vinilcnce factor assays, including bio6lni analysis, were pcr- 
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Figure 1. Structures of Cr-homoserjnB lactone (HSU. 3-oxo-Ck-HSL 
solenopsin A, anrj solenopsin analogues (SHS5). 



formed following methods u$ing PAOl-I, PAOl-0, or PDO 100 
that have been described elsewhere [6]. For real -time polymer- 
ase chain .reaction (PGR) analysiSi fresh Luria-Berlani (LB) me- 
dium was inoculated witli overnight- grown PAQl (opU<uil dcn- 
. sity [Op]«xj> -^0,05), and cells were grown for -3 h to an OPfioo 



of - 0.5. Cclk were diluted again into fresh LB containing 
kaopsLo (50 /xmoi/L) and grown for -5 h to an OD«jo of -0.6 
and for --6 h to an OD«o of -^2.2 for log- and «tntionary- 
gi'owing phascsy respectively. Cells were collected by oentrifuga- 
tion, total RNA was purified, and real-time PGR analysis was 
conducted as described elsewhere [5]. Nucleotide sequences of 
the pritner$ used for real-time PGR analysis are as follows: 
rpoU forward, 5*-GGGCGAAGAAGGAAATGGTC^3*; rpoJ? 
reverse, 5'-CAGGTGGCGTAGG'rGGAGAA-3'; IrtsB forward. 
5'-TCATCACCGTCGACATGAACAGCA-3'; ;a.<J? reverse, 
5^AGTCCCGGTACAGTrrGAAGACCA-3'; rhW. forward. 
5*-TCTCTGAATCGCT<Kj/VAGGGCTTT-3'; tW reverse, 5'- 
ATGGTCGAACTGG:rCGAA,1"r;CCrG.3'; lasl forward, 5^ 
GCTCAAGTGrrCAAGGAGCGCAAA-3*; and /asi reverse, 
5'-AGTGGTATCGAGAATTCGCCAGCA-3'. 

Feiuhs and dbcussimL Pyocyanin, a QS-con trolled viru- 
lence factor of P. cf^uginosch has been shown to cause serious 
tissue daaiase in chronic lutig infectlow [11], To examine 
whether solenopsin ha.<i an effect on AHL-mediated QS signaling 
in P. aeruginosa, pyocyanin production was invest^ated in P. 
aerupnosa in the presence or absence of solenopsin. To quantify 
the amount of pyocyanin produced, an extraction was con- 
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n K« i" . <a<^8ssavs and real-time polvmerase chain reaction analysis. A. Inhibition of pyocyanin production in PAOl-0 by solenopsin 
r ^ 'iBxogenously addrt acyl-homos^^ lactone on the inhibition of pyocyanin production by solenopsin in PA01-0. HSL. homoserine lactone. 
BAnTnT ^,^"<*°''°^ the P^eseice of solenopsin (50 ,xmol/U and the ArW/ strain PDO 100. D, Inhibition of pyocyanin production in 

^1 TnHvl h"""^'" J' analogues (50 Mmol/L), £ Inhibition bf biofilm formation of PADI-I by solenopsin. F. Analysis of relative transcription levels 
1 iL^S^^lT" "? "^'f 0 solenopsin (SO ^mom For relath^ quantification. /poO was used as a raference gana (12). Gray bare represent 
the log^rowing phase (optical density (ODU -0.6^ and white t»rs represent the stationary-arowing phase (00^ 4.2|. QS quoL sensina 
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ducted directly from P. aeruginosa gro-wlh medium. The absor- 
b«t»« of the acidified aqueous solution containing pyocyanin 
was iTicfliiured at 520 nm. As shown in figtirc ZA, a significantly 
lower amount of pyocyanin {<^50%) wa3 found in (he culture 
grown in the presence of solenopsin, indicallng that soJenopsin 
efficiently suppressed QS signaling of P. aert4^mosa (median ef- 
fective concentral:ioii> —15 fxm<o]ll)^To investigate whether so- 
Iwopsin acted as an AHL competitor, we tested whether the 
exogenous addition of the synthetic AHLs could restore pyocy- 
anin production in P. na ugfttosa. Siirpri$tnigly> ouc dat^ (figure 
2B) showed that exogenous Q-HSL, but not 
succe^ssfully competed with ^okt^opsin and restored QS signal- 
ing in R 4im4gino$ai suggesting thi^t solenopsin might indeed 
tiirgct the rhl signaling si-^tcm. This is cspcciaEy noteworthy be- 
cause there have been oj>ly « few reports on simaU-molecule in- 
hibitors that target die rhl system. In liglit of these results, the 
modulation of eiastase B production was investigated; elastase B 
is a metalloprotease whose escpression is partly controlled by Q- 
HSL QS signaling. Figure 2C demonstrates that salcnopsin de* 
creased elaslase B production^ although the effect (—30% de« 
crease by 50 /iraol/L soleuopsiTi) is not as dramatic as that $een 
with pyocyanin. We reasoned that elastase B production might 
be Icjks dependent on rht QS signaling than pyocyanin synthesis. 
V HcjKe, to support our rationjdcv 'W'e used a ArW^ 
PDO l6o» in an elastase. B assay and showed that 50 /xmpl/L 
■ solciiopici iiidecd suppressed elistasc- B' production as .effi- 

. v\cicndy^s:0gcncUc^ll^ : . 

Because' solcnopsin inhibits the rhl QS sy^eni in P aeriigifiasa,, 

- ' ■ it reasonable to hypothesize that liiolecules'lderivedironi so- .- 
lenopsin comalh^ogshoher increased 
antagonistic acthrityagainstQ-HSL. Therefore, several s»olcnop- 
sin analogues {figure 1) prepared previously were investigated 
[7], bat none of the analogues demonstrotcd increased QS inhi- 
bition (figure ZD). 

As staled \ihoyts biofilm formation in P. f^emsinosa is also 
regulated by QS signaling. Moreover, a recent study revealed 
that the rhU mutant showed reduced biofilm formation com- 
pared with the wild-type strain, while a /(3sf mutant did not show 
significant impaurment in biofilm formation [15]. Thus, so- 
lenopsin was also evaluated fojt its ability to modulate biofilm 
formation tn P, acruginosayh disruption of rhl QS signaling. P. 
oeruptTosa was grown under static conditions in a polyvinyl 
chloride 96- well plate with peptone trypticase soy broth (14). 
.After 4B h of incubation without agitation^ the plate was gently 
washed, and the biofilm was stained with crystal violet solution 
for relative quantiftcation. Gnatifyingiy, our analysis demon- 
strated that tiie bioftlxn formation in P. aeruginosa was gradually 
reduced in the presence of solenopsin in a dose-dependent man- 
ner, but no changes were found with tbe solvent control again 
indicatmg that solcnopsin disrupts rWQS signaling in P. aetvgi* 
itosa (figure 2ij)» 



Solenopsin has been shown to exert aniimicrobiai activity 
agajiii?t gnmi-positivc bacteria but possessed only weak tojcjdty 
toward gram-negative bacteria [8], To verify that the observed 
decrease in virulence factor prcKimction and biofilm. formation 
was not caused by growth InWbition, we monitored the growth 
of P, amiptwsa in the presence of solenopsin. Notably, no 
growth detect or retardation was observed over an S-h period 
(data not shown), thus strongly suggesting that QS inhibition 
and the subsequent reduction of virulence factor production is 
indeed due to competition of solenopsin with C4-HSL Last, the 
transcription of 3 QS-controHed genes — ^namely, hsB (encoding 
elastase B) as well as hsi and rhll (the I antoinducer synthtise 
genes) — was analyzed by real-time PGR in the presence or ab- 
sence of solcnopsin (15), Our data demonstrated that transcrip- 
tion of these QS-ointroUed genes was decreased '~2-fold (figure 
2P)> further confirming that .solenopsin us a QS signaling inhib- 
itor in A OBTUg^nosa, 

In summary, we have demonstrated that solenopsin A, a 
venom alkaloid from the fire ant S, mvicta, suppressed QS sig- 
naling in P. aeruginosa, resulting in modulation of vituknce fac- 
tor production as well as biofilm formation. An important im- 
plication of our data is that solenopsin might act mainly on the 
rhl QS signahng system, a? a ci>.mpctitor of C4-HSt. We 'have 
recently introduced a QS-quenching inununotherapeutic strat- 
. egy that might not be readily appHcablo to the r/irsystem/be- 
c»U}^ the C^-HSL molecule might be tcK) dirninutiw to elicit a 
specific host immune response against it. In this regard, solen op: 
• ?in could be a valuable starting point for the discovery of Jioyel 
, C4-HSI. antagonists and thus tmroenseiy valual?lc to the further ' 
development of therapeutic rTii sigrialinginhtbitofs. • . 
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